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The aim of this study was to determine the factors hat influence the breaching of the bar at 15 
the mouth of estuaries that are normally-closed to the ocean and the trends exhibited by 16 
salinity and oxygen concentration in those systems during protracted periods of closure. 17 
Collated data for 1972 to 2016 demonstrate that the frequency and timing of bar breaching of 18 
three normally-closed estuaries, located along 100 km of coastline in a low rainfall region of 19 
temperate south-western Australia, differ markedly. Breaching occurred in 12 years in Stokes 20 
Inlet, ≥ eight in Hamersley Inlet and only three in Culham Inlet. Breaching in each estuary 21 
was related to relatively very high volumes of fluvial discharge. Although breaching typically 22 
occurred following exceptional winter rainfall in Stokes Inlet, whose catchment received by 23 
far the greatest winter rainfall, it usually took place in Hamersley and Culham inlets 24 
following atypically high summer and autumn rainfall, often associated with cyclonic 25 
activity. Salinity, oxygen concentration and water mperature were measured seasonally 26 
between summer 2002 and spring 2004, during which period each of these estuaries was 27 
closed to the ocean following major natural breaches of each system and the influx of 28 
substantial volumes of oceanic water. Mean salinities in the estuary basins rose by markedly 29 
different extents during the three years of closure. They thus increased from 30 in Stokes 30 
Inlet, 35 in Hamersley Inlet and 52 in Culham Inlet, to maxima of 64, 143 and 293, 31 
respectively, with the highest individual salinity of 313 in the latter estuary the greatest yet 32 
recorded for any estuary worldwide. In contrast, oxygen concentrations declined to minima of 33 
5.5, 2.5 and 0.6 mg L-1, respectively, and were inversely related to salinity in the basin of 34 
each estuary (r = -0.7 to -0.8). Although salinities in the main rver of each estuary did not 35 
become as highly elevated as in its basin, they still reached 221 in that of Culham Inlet. The 36 
very different extents to which salinity increased and oxygen concentration declined among 37 
the three estuaries reflect variations in amount of rainfall and thus fluvial discharge, the area 38 
and depth of basin relative to discharge and resilience of the bar at the estuary mouth. Thus, 39 
while a suite of factors contribute to bar breaching a d physico-chemical trends in normally-40 
closed estuaries, variations in their importance as ‘drivers’ among estuaries should be 41 
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1. Introduction 46 
Estuaries are very important from a number of perspectives. For example, they are the 47 
most productive of marine ecosystems (Schelske and Odum, 1961; Whittaker and Likens, 48 
1975; Bianchi, 2006) and thus provide a rich source of food for fishes and crustaceans, some 49 
of which contribute to commercial and recreational fisheries in many parts of the world 50 
(Lellis-Dibble et al., 2008; Able and Fahay, 2010; Sheaves et al., 2014; Creighton et al., 51 
2015). They are also focal points for urban, industrial and agricultural development and 52 
recreational activity and are therefore often threatened by the effects of pollution and 53 
eutrophication (Jackson et al., 2001; Kennish, 2002; Tweedley et al., 2012; Potter et al., 54 
2015). Comprehensive quantitative data for the physico-chemical and biotic characteristics of 55 
the different types of estuaries are thus required to facilitate a sound understanding of the 56 
functioning of these systems and thereby, in turn, enable their conservation and/or restoration 57 
(Hallett et al., 2016). 58 
Estuaries are frequently categorised on the basis of their tidal regime. Davies (1964) 59 
regarded those with a tidal range greater than 4 m as acrotidal, while those with a range less 60 
than 2 m were considered microtidal and those with an intermediate tidal range as mesotidal. 61 
These three tidal regimes are reflected in different morphological and physico-chemical 62 
characteristics. Thus, at one extreme, macrotidal estuaries, such as those in the northern 63 
regions of Europe and North America, are typically funnel-shaped and experience large 64 
upstream and downstream movements of water during each tidal cycle (McLusky and Elliott, 65 
2004; Tweedley et al., 2016). In contrast, microtidal estuaries often comprise a short and 66 
narrow entrance channel (lower estuary), that opens into a basin area (middle estuary), into 67 
which the saline, downstream reaches of the rivers (upper estuary) discharge (Potter et al., 68 
1990; Cooper, 2001). These morphological differences are particularly pronounced in those 69 
estuaries that are located in regions such as the southern coasts of Australia and Africa (Potter 70 














 In this paper, the term estuary follows the definitio  of Potter et al. (2010), which 72 
refined that of Day (1980, 1981) and emphasises that the crucial characteristics of an estuary 73 
include a riverine input and at least a periodic connection with the sea. In regions with 74 
Mediterranean climates, such as southern Australia and Africa, the Mediterranean Sea and the 75 
state of California, some estuaries are permanently-open, whereas others are closed from the 76 
ocean by a sand bar across their mouths, either intmit ently, seasonally or for protracted 77 
periods, i.e. are normally-closed (Chuwen, 2009; Behrens et al., 2013; Tweedley et al., 2016). 78 
A normally-closed estuary has thus been defined as one that remains closed to the ocean for 79 
several years at a time (Hodgkin and Hesp, 1998), recognising that this type of estuary is 80 
often included in a common category with those that become either intermittently or 81 
seasonally-open each year (e.g. Whitfield and Bate, 2007; Wooldridge et al., 2016). Although 82 
estuaries, lagoons and lakes, which are intermittently or seasonally-open to the ocean, are 83 
widespread throughout the world (McSweeney et al., 2017), normally-closed estuaries tend to 84 
be restricted to microtidal regions and where rainfall and thus fluvial discharge is low, such 85 
as the Northern Cape of South Africa (Wooldridge et al., 2016; van Niekerk et al., 2017) and 86 
the eastern extent of the south-west drainage division in Western Australia (Tweedley et al., 87 
2017). 88 
The bars that form at the mouths of estuaries are produced by the wave-driven import 89 
of sediment from the marine environment and breached by the export of sediment through 90 
pressure from the build-up of water and therefore pressure within the estuary (Ranasinghe 91 
and Pattiaratchi, 1999; Behrens et al., 2013; Rich and Keller, 2013; Slinger, 2016). While the 92 
overall processes leading to bar formation and breaching are understood, there have been no 93 
long-term studies aimed at identifying and quantifying the factors that lead to the 94 
accumulation of relatively large volumes of water in normally-closed estuaries and 95 
elucidating the basis for variations in the frequency with which the bar of these estuaries is 96 
breached. 97 
The estuaries on the extensive coastline extending eastwards from the lower-west 98 
coast of Australia tend to change from mainly permanently-open to predominantly 99 














effects of progressive reductions in rainfall and catchment size on fluvial discharge along that 101 
coastal axis (Hodgkin and Hesp, 1998; Brearley, 2005). There are limited detailed 102 
environmental data, however, for the 21 normally-closed estuaries along this coastline, due 103 
largely to their typically remote locations and difficulties in obtaining access to a range of 104 
representative sites. Broad data for the physico-chemical characteristics of the Wellstead, 105 
Stokes, Hamersley and Culham inlets demonstrate, however, that each of these four estuaries, 106 
whose mouths lie within 180 km stretch of coastline, r main closed during protracted, 107 
relatively dry periods, but the extents to which they become hypersaline and hypoxic vary 108 
markedly (Young and Potter, 2002; Chuwen et al., 2009). A thorough understanding of the 109 
trends exhibited by salinities and oxygen concentrations during such periods is thus crucial 110 
for understanding the factors that influence the faunal characteristics of such extreme 111 
systems. 112 
 The overarching aim of this study was to elucidate th  factors that lead to the 113 
breaching of the bar at the mouth of normally-closed estuaries and the trends exhibited by 114 
salinity, oxygen concentration and water temperature in those systems during protracted 115 
periods of closure. This study thus first explored the hypothesis that the frequency and timing 116 
of bar breaching of three normally-closed estuaries (Stokes, Hamersley and Culham inlets) in 117 
the 45 years between 1972 and 2016 were related to rainfall and thus fluvial discharge. Next, 118 
the changes in salinity, oxygen concentration and water temperature within the different 119 
regions of these estuaries, throughout a common period of protracted closure between 2002 120 
and 2004, were compared. The resultant data were thn used to elucidate the ways in which 121 
variations in the timing and frequency of bar breaching and the trends exhibited by physico-122 
chemical characteristics of those estuaries during periods of closure were associated with 123 
differences in various factors. These factors were catchment size, rainfall and thus fluvial 124 
discharge, the area and depth of the estuary basin and the height of the bar. The implications 125 
of this study are relevant for understanding the dynamics of normally-closed estuaries 126 
worldwide.  127 
 128 














2.1. Descriptions of Stokes, Hamersley and Culham inlets 130 
The tendency for estuaries to change from mainly permanently-open to predominantly 131 
seasonally-open to normally-closed along the ~1,400 km southwards from 31°S, 115°E 132 
(Moore River) and then eastwards to 34°S 123°E (Poison Creek) is shown in Fig. 1a. The two 133 
systems (Jerdacuttup and Gore-Dalyup) that were previously estuaries, but are now 134 
permanently-closed are also shown. The remote and normally-closed Stokes, Hamersley and 135 
Culham inlets, which are located within ~100 km of the southern coast of Western Australia, 136 
have relatively small catchment areas and wide basins (Fig. 1).  137 
 The characteristics of the above three normally-closed estuaries are described, 138 
employing data derived from Hodgkin and Clark (1989b, 1990) and Brearley (2005). 139 
Photographs, taken during the study of seasonal changes in environmental variables (2002 to 140 
2004) and subsequently in 2014 and 2017, are used to illustrate the extreme changes that 141 
occur in these systems and to show a sand bar at the mouth of an estuary before and during 142 
breaching. 143 
 144 
2.2. Rainfall and fluvial discharge 145 
Monthly rainfall were obtained from weather stations i  the catchments of Stokes and 146 
Culham inlets, and from another close to that of Hamersley Inlet, in each year between 147 
January 1972 and December 2016, the years for which su  data were available for each of 148 
these systems (Bureau of Meteorology, 2017). These stations and this time period were 149 
chosen as they provided the most comprehensive and comparable historical rainfall data for 150 
the three catchments during the above years. Two-tailed tests of the significance of Pearson’s 151 
correlations were used to determine whether annual rainfall in the catchment of each of the 152 
three estuaries changed over the years between 1972 and 016 (P < 0.05). Annual fluvial 153 
discharges were available for the Young River of Stokes Inlet in 38 of the above 45 years 154 
(Department of Water Western Australia Water Information Reporting, 2017). A one-tailed 155 
test of Pearson’s correlation was employed to confirm that the natural logarithm of fluvial 156 
discharge was positively correlated with the natural logarithm of rainfall in Stokes Inlet in 157 














rainfall was described better by a log-log than linear or log-linear relationship. Since, 159 
between 1972 and 2016, annual fluvial discharges were available for only 14 of those years 160 
for the Phillips River (Culham Inlet), and for just one year for the Hamersley River 161 
(Hamersley Inlet), it was not possible to derive a reliable relationship between fluvial 162 
discharge and rainfall for those estuaries.  163 
The years in which the bar at the mouths of Stokes, Hamersley and Culham inlets 164 
were recorded as breached between 1972 and 2016 were obtained from Hodgkin and Clark 165 
(1989b, 1990) and environmental officers of the Western Australian Department of 166 
Biodiversity, Conservation and Attractions. The years nd months that the bar breached in 167 
Stokes and Culham inlets are considered comprehensive. Bar breaches of Hamersley Inlet 168 
may not always have been recorded as this estuary is located within an extensive National 169 
Park, and thus in an unpopulated area, and its mouth is only visited opportunistically by 170 
environmental officers. Furthermore, as the mouth of t is estuary remains open for only a few 171 
weeks (Hodgkin and Clark, 1990), the timing of any visit is critical for detecting a bar breach.  172 
One-way Analysis of Variance (ANOVA) was used to test the hypothesis that annual 173 
rainfall in the catchment of Stoke Inlet and Hamersley Inlet and fluvial discharge from the 174 
main river of Stokes Inlet (Young River), differed significantly in the years when the bar at 175 
the mouth of each estuary was breached from those when the mouth of that estuary remained 176 
closed. Levene’s test showed that fluvial discharge required a fourth-root transformation to 177 
meet the test assumptions of homogeneity of variance.  178 
A shade plot (Clarke et al., 2014) was constructed to illustrate the amount of rain that 179 
fell at the weather stations representing the catchment of each estuary in each month between 180 
January 1972 and December 2016. The months and years when the bar of each estuary was 181 
breached are superimposed on the plot.  Comparisons of the characteristics of normally-182 
closed estuaries and their catchments were restricted to Stokes, Hamersley and Culham inlets 183 
as data were derived from local sources and comparable detailed information for other 184 
systems elsewhere were not readily available.  185 
 186 














Salinity, dissolved oxygen concentration and water temperature were measured at 188 
widely distributed sites in nearshore, shallow and offshore, deeper waters in the basins 189 
(middle estuary) of Stokes, Hamersley and Culham inlets and in the saline lower reaches of 190 
the main river (upper estuary) of both the Stokes and Culham inlets (Fig. 1c,d,e). 191 
Measurements were recorded seasonally in each system between summer 2002 and spring 192 
2004. An inability to access the Hamersley River by boat from the basin after spring 2002, 193 
and at any time from adjoining land due to dense vegetation and very steep banks, meant that 194 
the above variables could no longer be measured in this river after spring 2002. The above 195 
three environmental variables were also measured in nearshore and offshore waters of the 196 
entrance channel of Culham Inlet (lower estuary) and in nearshore waters of perennial, 197 
upstream pools of the Hamersley and Phillips rivers.  198 
Salinity, dissolved oxygen concentration and water temperature were measured using 199 
a Yellow Springs Instrument (YSI) Model 85 Handheld Oxygen, Conductivity, Salinity and 200 
Temperature System. Each of these physico-chemical variables was measured in the middle 201 
of the water column at nearshore sites and at both the surface and bottom of the water column 202 
at offshore sites. As the YSI meter only records salinities up to 80, the measured 203 
conductivities, on those occasions when salinities exceeded this value, were converted to a 204 
salinity using the Practical Salinity Scale 1978 (Lewis and Perkin, 1981), except when 205 
salinities were extremely high when they were derived from a series of dilutions with 206 
freshwater. Dissolved oxygen concentrations at salinities greater than ~80 were calculated 207 
from the percent oxygen saturation recorded by the YSI meter using the equation of Weiss 208 
(1970). One-tailed Pearson’s correlations were employed to test that dissolved oxygen 209 
concentration was negatively correlated with salinity in the basins of each estuary and the 210 
main river of Stokes and Culham inlets (P < 0.05), noting that there were insufficient data to 211 
apply this test to the river Hamersley Inlet. 212 
 213 
3. Results 214 














The surface area of the basin, which constitutes th vast majority of the total area of 216 
normally-closed estuaries, was greatest for Stokes Inl t (14 km2) and least for Hamersley 217 
Inlet (2 km2), with corresponding catchment areas of 5,300 and 1,268 km2 (Table 1). The 218 
mean and median annual rainfall were far greater for St kes Inlet than for either Hamersley 219 
or Culham inlets (Table 1). The mean annual fluvial discharge was also greatest for Stokes 220 
Inlet (11.9 GL y-1) and least for Hamersley Inlet (1.2 GL y-1). The catchments of each estuary 221 
have been subjected to extensive land clearing, raning from 68% in Stokes Inlet to 37% in 222 
Hamersley Inlet (Table 1; Fig. 1b). The ratio of discharge to basin area decreased 223 
progressively from the Stokes to Hamersley to Culham inlets, whereas the depth of their 224 
basins followed the reverse trend (Table 1). 225 
The short and narrow entrance channel, characteristic of microtidal estuaries in 226 
southern Australia and Africa, is illustrated in the photographs of Culham Inlet, with the sand 227 
bar at its mouth fully formed in 2013 (Fig. 2a) and breached with a large outflow of water to 228 
the ocean in 2017 (Fig. 2b). A comparison of Figs 2a and 2b demonstrates how very strong 229 
outflows can dramatically modify the entrance channel of normally-closed estuaries and 230 
destroy infrastructure, such as roads constructed across them. A breach of this magnitude also 231 
occurred in 2000, prior to the commencement of the thr e year seasonal study of physico-232 
chemical variables in the three estuaries between 2002 and 2004 (see later). 233 
The wide basin of Culham Inlet was full of water in 2013 (Fig. 2a), following 234 
appreciable rainfall, and virtually dry in 2004 (Fig. 2c), at which time salt was precipitating 235 
out of solution (Fig. 2d). While the catchment in the National Park to the west of the basin of 236 
this estuary is largely uncleared, substantial areas have been cleared for agriculture elsewhere 237 
in the catchment (Figs 1b, 2a). Water levels in Hamersley Inlet decreased markedly from the 238 
commencement of the three year seasonal study. This led to discontinuity between the waters 239 
of the basin and Hamersley River (Fig. 2e) and alsowithin the river, with the latter becoming 240 
separated into a series of isolated pools upstream by a substantial rock bar that became 241 
exposed as water levels declined (Fig. 2f).  242 
 243 














3.2.1. Stokes Inlet 245 
Total annual rainfall, recorded at the weather station in the catchment of Stokes Inlet 246 
between 1972 and 2016, ranged widely from minima of just 327 mm in 1994 and 342 mm in 247 
2002 to maxima of 782 mm in 1999 and 813 mm in 2013, with a mean and median of 550 248 
and 540 mm, respectively (Fig. 3a). Rainfall showed no conspicuous tendency to increase or 249 
decrease over those 45 years, which is reflected in the lack of a significant change with year 250 
(r = 0.223, P = 0.142). Total annual fluvial discharge in the Young River in the 38 of those 251 
years between 1972 and 2016 for which reliable flow data are available, also varied greatly. 252 
Thus, it ranged from minima of 0.05 GL in 1990 and < 1 GL in another nine years to > 30 GL 253 
in 1986, 1989 and 1999 and as high as 60.8 GL in 2007 (Fig. 3b). In these 38 years, the 254 
natural logarithm of fluvial discharge was linearly correlated with the natural logarithm of 255 
rainfall (r = 0.494, P = < 0.001), with the relationship between fluvial discharge (y) and 256 
rainfall (x) described by the equation ln y = 5.50 ln x – 34.05 (r2 = 0.244).  257 
The bar at the mouth of Stokes Inlet was breached in 12 of the 45 years between 1972 258 
and 2016 (Fig. 3a). The mean rainfall of 643 mm in the years when the bar was breached was 259 
far greater than the mean of 516 mm for the other 33 years (F = 17.4, P = < 0.001, n = 45). In 260 
eight of the 12 years when breaching occurred, annul rainfall exceeded 640 mm, a level 261 
reached in only three of the years when the bar remained intact. In the 38 years for which 262 
there were reliable data for discharge, the mean flow or the years when the bar broke was 263 
25.6 GL compared with only 2.0 GL when the estuary mouth remained closed (F = 60.9, P = 264 
< 0.001). 265 
At a monthly and thus finer temporal scale, 10 of the 12 breaches of the bar of Stokes 266 
Inlet occurred between June (early winter) and October (mid spring), and thus following the 267 
onset of highly seasonal ‘winter’ rainfall (Fig. 4a, b). Bar breaching also occurred in January 268 
2007, immediately following heavy cyclonic rainfall (185 mm) in that month, as occasionally 269 
occurs in summer (Fig. 4).  270 
The breaching of the bar of Stokes Inlet in June 1999 was associated with a 271 
combination of substantial cyclonic rainfall in the summer and consistent rainfall in the 272 














open until summer 2000, when cyclonic rainfall again increased the scouring of the bar and 274 
thus accounted for the estuary remaining open untilApril 2000 (Ian Hughes, Department of 275 
Biodiversity, Conservation and Attractions pers. comm.). This highly atypical protracted 276 
period of opening proceeded the commencement of the detailed seasonal study of salinity, 277 
dissolved oxygen concentration and water temperature in the three estuaries (see later). 278 
 279 
3.2.2. Hamersley Inlet 280 
 Between 1972 and 2016, annual rainfall close to the catchment of Hamersley Inlet 281 
ranged from 223 mm in 1994 to 645 mm in 1992, with a mean of 438 mm (median = 475 282 
mm; Fig. 3c). As with the catchment of Stokes Inlet, rainfall was not correlated with year (r = 283 
0.198, P = 0.096, n = 45). Mean annual rainfall, in the eight years when the bar of this estuary 284 
was recorded as breached, was greater than when it was not breached, i.e. 484 vs 428 mm, 285 
respectively (Fig. 3c), a difference that was marginally not significant (F = 2.0, P = 0.051, n 286 
= 45). However, one or more breaches may have occurred in years of particularly high 287 
rainfall, but went unrecorded (see Materials and Methods and Discussion). 288 
At a seasonal level, the bar of Hamersley Inlet wasbreached in summer or autumn in 289 
five years, during or following atypically high, unseasonal rainfall, often associated with 290 
cyclonic activity. It also breached in late winter (August) of two years and in late spring 291 
(November) in another year after greater than usual winter and spring rainfall, respectively 292 
(Fig. 4b). Although the bar of the remote Hamersley Inlet was not recorded as breached in 293 
1992 or 2011, the two years of greatest annual rainfall i  the catchment of this system, both 294 
of these years followed a year(s) of below average r infall and, in 1992, rainfall was spread 295 
throughout much of the year (Figs 3c; 4b).  296 
 297 
3.2.3. Culham Inlet 298 
Mean annual rainfall at the weather station in the catchment of Culham Inlet over the 299 
above 45 years was 445 mm (median = 452 mm), with a minimum of 239 in 1972 and a 300 
maximum of 680 in 2016 (Fig. 3d). Although rainfall (y) was positively correlated with year 301 














2.58x + 386, r2 = 0.122, was not particularly strong (r = 0.349, P = 0.019, n = 45). As with 303 
Hamersley Inlet, there are limited reliable data for fluvial discharge in this estuary. The bar at 304 
the mouth of Culham Inlet was recorded as breached in only three years between 1972 and 305 
2016, including in January 2000, during particularly strong cyclonic activity, and previously 306 
in May 1993, when rainfall was atypically very high for that month. The third breach, i.e. in 307 
April 2016, was artificially induced to overcome the threat that the large volume of water, 308 
that was accumulating in the basin following three months of relatively high rainfall, would 309 
spill over onto surrounding agricultural land (Fig. 4)  310 
From the above data, the bar at the estuary mouth broke more frequently in Stokes (12 311 
years) and Hamersley (≥ 8 years) inlets, than in Culham Inlet (3 years; Fig. 4b). Each of the 312 
three estuaries were open concomitantly only in early 2000, recognising that the bar of Stokes 313 
Inlet was breached in June 1999 and remained open, whereas those of the other two estuaries 314 
were not breached until January 2000. Thus, each estuary was open for a period prior to the 315 
commencement of the seasonal study of phyisco-chemical variables in 2002 to 2004 (see 316 
below), when the mouth of each of these estuaries remained closed to the ocean (Fig. 4b). 317 
 318 
3.3. Salinity, water temperature and oxygen regimes  319 
3.3.1. Stokes Inlet 320 
Mean seasonal salinity in nearshore, shallow waters of the basin of Stokes Inlet rose 321 
markedly and progressively in each season from 30 in summer 2002 to 59 in autumn 2003, 322 
but then declined to 46 in spring 2003, following appreciable winter rainfall (Fig. 5). It 323 
subsequently increased to a maximum of 64 in autumn 2004 and remained just below this 324 
level in the winter and spring of that year. As with salinity, the mean seasonal dissolved 325 
oxygen concentrations initially increased in 2002 from ~5 mg L-1 in summer to ~10 mg L-1 in 326 
winter, but subsequently followed an essentially reve se trend as salinity increased further 327 
(Fig. 5). The relationship between oxygen concentration and salinity was strongly negative (r 328 
= -0.70; P = 0.007, n = 12).  329 
Salinities in nearshore waters of the Young River of Stokes Inlet were typically 330 














(Fig. 5). Dissolved oxygen concentrations in that river ranged from 5-12 mg L-1 and tended to 332 
be slightly greater than in the basin, especially during marked declines in salinity (Fig. 5). In 333 
contrast to the situation in the basin, oxygen concentration in the Young River was not 334 
significantly correlated with salinity (r = -0.40; P = 0.097, n = 12). 335 
In each season, salinities and oxygen concentrations at the surface and bottom of the 336 
water column in offshore waters of the basin were essentially the same (Fig. 5), i.e. these 337 
waters were not stratified, and very similar to those in nearshore waters (Fig. 5). Salinities at 338 
the surface and bottom of the offshore waters of the river were similar to those in nearshore 339 
waters in all seasons except winter and spring of 2003, when only surface salinity declined 340 
precipitously (Fig. 5). 341 
Mean seasonal water temperatures in nearshore waters of both the basin and Young 342 
River, which were always similar to the surface and bottom of the water column of their 343 
respective offshore waters, rose to their maxima during summer (e.g. 28 °C in 2003) and 344 
declined to their minima in winter (e.g. 12 °C in 2003; Fig. 5).  345 
 346 
3.3.2. Hamersley Inlet 347 
In the basin of Hamersley Inlet, mean seasonal salinities in nearshore waters rose 348 
from 35 in summer 2002 to 143 in spring 2004 (Fig. 4a). After salinities had risen to nearly 349 
60 in spring 2002, the mean seasonal oxygen concentratio s declined from greater than 6 mg 350 
L-1 to a minimum of 2.5 mg L-1 in spring 2004, thus exhibiting the reverse trend to salinity 351 
(r = -0.80; P = 0.001, n = 12; Fig. 6).  352 
Mean salinities at sites in the Hamersley River in 2002 increased from 33 in summer 353 
to 59 in spring, after which this region could not be sampled (see Materials and Methods). 354 
Mean dissolved oxygen concentrations in that river w e always ≥ 5 mg L-1 and reached 10 355 
mg L-1 in winter 2002 (Fig. 6). From autumn 2003, mean salinities in one of the upstream 356 
pools that formed in the Hamersley River ranged only from 16 to 24 and were thus far lower 357 
than the 75-143 recorded in the basin during that period (Fig. 6).  358 
Water temperatures in the basin underwent pronounced seasonal changes, ranging 359 














The highest mean temperature in the upstream pool, i.e. 29 °C in summer 2004, was greater 361 
than any temperature recorded in the basin or river(Fig. 6).  362 
Salinity, oxygen concentration and temperature at both the surface and bottom of the 363 
water column in offshore waters of the basin of Hamersley Inlet (data not shown), and also of 364 
its river in each season of 2002 when this region could be sampled, were essentially the same 365 
as those in the respective nearshore waters of each r gion of that estuary (Fig. 6). 366 
  367 
3.3.3. Culham Inlet 368 
In nearshore waters of the basin of Culham Inlet, mean seasonal salinities rose 369 
progressively from 52 in the summer of 2002 to 175 in the following summer, after which 370 
they declined to 110 in winter 2003 and then rose sharply to 293 in spring 2004 (Fig. 7). 371 
Oxygen concentrations in the basin declined from their maximum of 10 mg L-1 in winter 372 
2002 to 0.7 mg L-1 in spring 2004, coincident with the overall trend for salinity to increase (r 373 
= -0.80; P = 0.001, n = 12). However, dissolved oxygen did rise in autumn and winter 2003 374 
when salinity decreased (Fig. 7).  375 
Mean seasonal salinities were always less in nearshore waters of the Phillips River of 376 
Culham Inlet than in the basin and markedly so in autumn 2003, when, following increased 377 
fluvial discharge, salinities in the river declined precipitously from 125 to as low as 17 378 
(Fig. 7). Although regional differences in salinity were marked in spring 2004, i.e. 199 vs 379 
293, mean salinities in the preceding two months were only slightly lower in the river, i.e. 380 
206 and 207, than in the basin, i.e. 222 and 248 (Fig. 7). Mean dissolved oxygen 381 
concentrations in the Phillips River followed a similar trend as in the basin, with a maximum 382 
of 13.3 mg L-1 in autumn 2002 and a decline to a minimum of 2.0 mg L-1 in winter and spring 383 
2004 (Fig. 7). As in the basin, oxygen concentration in that river was negatively correlated 384 
with salinity (r = -0.71; P = 0.005, n = 12). 385 
Salinities at the surface and bottom of the water column in offshore waters of the 386 
Phillips River were the same or similar in all seasons except autumn 2003, when they 387 
declined to 19 and 78, respectively, thus resulting in considerable stratification of the water 388 














overall trend to those in nearshore waters, but with those at the surface typically greater than 390 
those at the bottom of the water column (Fig. 7).  391 
In the entrance channel of Culham Inlet, mean seasonal salinities ranged only from 37 392 
to 44 and those in the part of the Phillips River, which had become isolated as a pool, ranged 393 
only from 12 to 29 (Fig. 7). The surface and bottom salinities in offshore waters of the 394 
entrance channel were essentially the same in each season as those in nearshore waters (Fig. 395 
5d). Mean dissolved oxygen concentrations always exce ded 6 mg L-1 in the surface waters 396 
of the entrance channel and 4 mg L-1 in the upstream pool and sometimes exceeded 9 mg L-1 397 
in both regions (Fig. 5). Within the entrance channel, oxygen concentrations were similar 398 
throughout the water column in all seasons except summer and autumn 2002 and summer 399 
2004, when they were lower and < 5 mg L-1 in bottom waters (Fig. 7).   400 
Mean seasonal water temperatures, in both the basinand Phillips River, reached their 401 
maximum of ~27 °C during summer or spring and declin d to their minima of 10-15 °C in 402 
winter (Fig. 7) and were typically very similar at the surface and bottom of the water column 403 
in offshore waters of the Phillips River (Fig. 7). The seasonal trends in water temperature in 404 
the entrance channel and upstream pool were similar to those in nearshore waters of the basin 405 
and Phillips River and were largely uniform throughout the water column of the entrance 406 
channel (Fig. 7). 407 
 408 
3.4. Comparisons of salinity and oxygen concentration among the three estuaries 409 
 Mean salinities in the basins of Stokes, Hamersley and Culham inlets increasingly 410 
diverged from their respective minima of 30, 35 and 52 in summer 2002, to reach maxima of 411 
64, 143 and 293 three years later (Fig. 8). Although salinities typically increased 412 
progressively throughout the three years in the basins of each system, they did decline 413 
markedly in Culham Inlet in autumn and winter 2003. As with the basins of Culham and 414 
Stokes inlets, salinities in the rivers of these two systems increasingly diverged from 415 
differences of only 9 to as high as 155 between the commencement and completion of the 416 














After winter 2002, dissolved oxygen concentrations in Stokes, Hamersley and Culham 418 
inlets followed essentially the reverse trends of those of salinity (Fig 8). Oxygen 419 
concentrations thus declined from maxima of ~10 mg L-1 in each estuary to 5.7 in Stokes 420 
Inlet, 3.8 in Hamersley Inlet and 1.7 in Culham Inlet in summer 2003, but were ~5.5 mg L-1 421 
in each estuary in autumn 2003. Subsequently, concentrations in Stokes Inlet did not decline 422 
further, whereas those in Hamersley and Culham inlets f ll to 2.5 and 0.7 mg L-1, 423 
respectively. The downward trends in oxygen concentration in the river of Stokes and 424 
Culham inlets largely parallel those in the basin, with respective values of 5.9 and 2.0 mg L-1 425 
at the conclusion of the three years (Fig. 8).  426 
Water temperature in the basin of each estuary and river of Stokes and Culham inlets 427 
followed the same highly seasonal pattern of change, with no pronounced differences 428 
between or within estuaries (cf. Fig.5, 6, 7). 429 
 430 
4. Discussion  431 
The collation and analysis of past and present datafrom a range of sources elucidated the 432 
years and months in which the bar at the mouth of each of three normally-closed estuaries, 433 
which lie within 100 km along the south-western Australian coast, were recorded as breached 434 
between 1972 and 2016. This then enabled the extents o which the amount and timing of 435 
rainfall in the catchment of each estuary, acting as a surrogate for fluvial discharge, together 436 
with the characteristics of the estuary basin and bar, influence breaching. The closure of the 437 
mouths of each of the above estuaries for three years, following a recent breaching, provided 438 
a unique opportunity to describe the trends shown by salinities and oxygen concentrations 439 
during a protracted period when each of these systems was isolated from the ocean. The 440 
markedly different extents to which salinity and oxygen concentrations changed helped 441 
elucidate the ways in which these variables are associated with fluvial discharge and the size 442 
and depth of the estuary basin during such periods. The implications of this unique study will 443 
enhance the ability to interpret the results recorded for the physico-chemical and faunal 444 
characteristics in those estuaries elsewhere in the world which likewise become disconnected 445 















4.1. Bar breaching 448 
4.1.1. Relationships with rainfall and fluvial discharge 449 
 The results demonstrate that fluvial discharge in Stokes Inlet was strongly correlated 450 
with rainfall, as with those systems in Mediterrane climatic regions that open regularly to 451 
the ocean (e.g. Elwany et al., 1998; Whitfield and Bate, 2007; Rich and Keller, 2013). The 452 
bar at the mouth of Stokes Inlet was shown typically to be breached in years when annual 453 
rainfall exceeded 640 mm, which led to greatly increased fluvial discharge and thus to a 454 
build-up of large volumes of water in the basin behind the bar. At a finer temporal scale, the 455 
breaching of the bar of Stokes Inlet was always associated with particularly heavy rainfall, 456 
almost invariably in early winter and mid spring, but in one year during atypical cyclonic 457 
activity in summer. The crucial role played by the resultant marked increase in fluvial 458 
discharge in the breaching of the bar of this estuary p rallels that recorded for the Great Brak 459 
Estuary in South Africa (Slinger, 2016) and the San Dieguito Estuary in California (Elwany 460 
et al., 1998), which open far more frequently and, as a consequence, do not become markedly 461 
hypersaline. 462 
In contrast to Stokes Inlet, the bars of Hamersley and Culham inlets were breached 463 
predominantly in summer and autumn following atypically high, unseasonal rainfall, often 464 
associated with cyclonic activity. The different timing of the breaching of Stokes Inlet is 465 
presumably related to the rainfall in late autumn to mid spring being far greater in the 466 
catchment of that estuary than in those of the other two estuaries. Thus, the mean monthly 467 
catchment rainfall for those six months was 62 mm in Stokes Inlet, compared with only 43 468 
mm in both Hamersley and Culham inlets, thereby resulting in far lower fluvial discharges. 469 
Moreover, the ratio of mean annual discharge to basin rea is 1.5 times greater for Stokes 470 
Inlet than Hamersley Inlet and 2.7 times greater than Culham Inlet, therefore enhancing, to a 471 
greater extent, the accumulation of water in the basin of this system for a given rate of 472 
discharge. 473 
 Although the breaching of the bar of an estuary during summer and autumn was often 474 














occurred differed greatly among estuaries. This reflects marked variations in the magnitude 476 
of the rainfall produced among catchments by such cyclonic activity in a given year. For 477 
example, the passage of category 2 cyclone Tina throug  south-western Australia in January 478 
1990 (Joint Typhoon Warning Center, unpublished data) led to 113 and 108 mm of rainfall in 479 
the adjacent catchments of Hamersley and Culham inlets, respectively, compared with only 480 
43 mm in that of Stokes Inlet (Fig. 4), which is located ~100 km further east. It is thus not 481 
surprising that the bar of Stokes Inlet was not breach d in that year. Although the catchments 482 
of Hamersley and Culham inlets received similar amounts of cyclonic rainfall in the summer 483 
of 1990, the bar of only the first of those estuaries was breached in that year. Furthermore, 484 
between 1972 and 2016, the bar of Culham Inlet was breached in only three years, compared 485 
with at least eight in the adjacent Hamersley Inlet, and had remained intact in Culham Inlet 486 
for the 53 years prior to 1972 (Hodgkin, 1997).  487 
 488 
4.1.2. Frequency and duration of breaching and bar ch racteristics 489 
The far fewer times that Culham Inlet becomes open to the sea than Hamersley Inlet, 490 
and also Stokes Inlet, imply that its bar is particularly resilient to the effects of increases in 491 
the volume of water in the basin and/or the volume of water rarely becomes sufficient to 492 
breach the bar. As the volume of water required for breaching increases with bar height (Rich 493 
and Keller, 2013), it is relevant that the bar at the mouth of Culham Inlet may reach 3-5 m 494 
above sea level, compared with only ~2 m in Hamersley and 1.5-2 m in Stokes inlets 495 
(Hodgkin and Clark, 1989b, 1990; Hodgkin, 1997). In addition, the wide basin of Culham 496 
Inlet is only 1 m deep (Hodgkin, 1997), which, even with heavy rainfall during cyclonic 497 
events, limits the volume it can retain before water flows out and over the low-lying 498 
surrounding land.  499 
While the bar was breached less frequently in Culham Inlet than in the nearby 500 
Hamersley Inlet, the mouth of Culham Inlet was open to the ocean in May 1993 and yet there 501 
was no record of this having occurred in Hamersley Inlet. This provides an example of one of 502 
a few occasions when a breaching of the bar of Hamersley Inlet might have been expected, 503 














field observations of Hamersley Inlet, the consistency of the salinity trends between 2002 and 505 
2004 and the discontinuity between the waters of the river and basin in the last two of those 506 
years, produced as a result of evaporation, strongly imply that, as with Culham Inlet, 507 
Hamersley Inlet remained closed during the above three relatively dry years.  508 
Although the duration that an estuary remains closed to the ocean is related to the 509 
volume of fluvial discharge and the capacity of the estuary to store water, the length of time a 510 
system remains open to the ocean is influenced by the volume of discharge through the 511 
estuary mouth (Ranasinghe and Pattiaratchi, 1999; Behrens, 2012; McSweeney et al., 2016). 512 
This is illustrated by comparing the rainfall (and thus implicitly discharge) for Stokes Inlet 513 
(whose catchment received greater rainfall than those of Hamersley and Culham inlets) with 514 
those previously recorded between 1968 and 1988 for Br ke Inlet, ~450 km further west 515 
along the southern coast of Western Australia. The latt r seasonally-open estuary lies in a 516 
region of far higher rainfall (i.e. mean annual rainf ll in 1968-1988 was 1,275 mm in Broke 517 
Inlet vs 539 mm in Stokes Inlet; Bureau of Meteorolgy, 2017), thus leading to greater fluvial 518 
discharge and accumulation of water in its basin (Hodgkin and Hesp, 1998). In those 21 519 
years, the Stokes, Hamersley and Culham inlets becam  open in six, five and zero years, 520 
respectively, compared with as many as 19 years with Broke Inlet (Hodgkin and Clark, 521 
1989a,b, 1990). Moreover, the estuary mouth was open, on average, for four weeks in Stokes 522 
Inlet, with a range of only four to six weeks, compared with an average of 16 weeks, with a 523 
maximum duration of 26 weeks in Broke Inlet (Hodgkin and Clarke, 1989a,b). Although the 524 
length of time the mouths of Hamersley and Culham inlets were open has not been recorded, 525 
anecdotal reports indicate that this typically lasts for only “a few weeks” (Hodgkin and Clark, 526 
1990). 527 
 528 
4.2. Comparisons between salinity and oxygen regimes in the three estuaries 529 
4.2.1. Salinity trends 530 
The presence of mean salinities of 30 in the basin of Stokes Inlet, at the 531 
commencement of seasonal sampling in summer 2002, was due to the release of very 532 














replacement largely with tidal waters from the ocean nd fluvial discharge from its 534 
tributaries. This was facilitated by the mouth of this estuary remaining open for an atypically 535 
protracted period from June 1999 to April 2000, as opposed to a typical duration of about 536 
four weeks (Hodgkin and Clark, 1989b). A mean salinity of 35 in Hamersley Inlet in summer 537 
2002 is consistent with the bar at the mouth of this estuary having been severely breached in 538 
January 2000, as a result of heavy cyclonic rainfall in that month. Although the bar of 539 
Culham Inlet was also breached in January 2000, the wid  and particularly shallow basin of 540 
this estuary makes it especially susceptible to loss f water through evaporation, which 541 
accounts for it having already become hypersaline, i.e. 52, by summer 2002. 542 
Although mean salinities in the basin of Stokes, Hamersley and Culham inlets ranged 543 
only from 30 to 52 in summer 2002, the extents of their subsequent increases varied markedly 544 
over the next three relatively dry years, during which each of these systems remained closed. 545 
Thus, while mean salinity reached a maximum of 64 in Stokes Inlet, it rose to as high as 143 546 
in Hamersley Inlet and 293 in Culham Inlet. Indeed, the highest individual measurement of 547 
313 at a site in Culham Inlet even exceeds the 295 recorded in the Laguna Tamaulipas, a very 548 
shallow lagoon in northern Mexico (Copeland, 1967; Tunnell and Judd, 2002), and it is thus 549 
apparently the highest salinity yet recorded for an estuary anywhere in the world. Although 550 
the maximum mean salinity of 143 in Hamersley Inlet was high, salinities of 150 have been 551 
recorded in estuaries such as the Coorong in South A stralia and Lake St Lucia in South 552 
Africa (Whitfield et al., 2006; Dittmann et al., 2015) and as high as 223 in the Groen Estuary 553 
in an arid zone of South Africa (Wooldridge et al.,2016).  554 
The remarkable and far higher salinities attained in the basins of Culham Inlet and, to 555 
a lesser extent, Hamersley Inlet than in the basin of Stokes Inlet can be attributed, at least in 556 
part, to a particularly high evaporative loss of water in Culham Inlet during warm, dry 557 
periods. Indeed the estimated 1,490 mm of surface evaporation from Culham Inlet accounts 558 
for as much as 85% of the total annual pan evaporation of 1,754 mm measured in the nearby 559 
town of Esperance, which is considered representative of this region (Black and Rosher, 560 
1980; Hodgkin, 1997). This evaporative loss far exceeds the annual rainfall of 445 mm in the 561 














Culham Inlet is a consequence of a larger surface area to volume ratio, which reflects its 563 
shallowness. Indeed, the upwards progression in maximum salinity attained from Stokes Inlet 564 
to Hamersley Inlet to Culham Inlet mirrors a decline  maximum depth, i.e. 4, 1.3 and 1 m, 565 
respectively (Hodgkin and Clark, 1989b, 1990).  566 
The exceptionally high salinities produced in Culham Inlet, during its protracted 567 
closure, by very high rates of evaporation and low fluvial discharge closely parallels that 568 
which occurs in the Laguna Tamaulipas. This lagoon is thus likewise very shallow, i.e. 569 
typically < 1 m deep, closed from the ocean for periods and in an area where evaporation 570 
greatly exceeds rainfall, but differs from Culham Inlet in that it does not receive discharge 571 
from a river (Hildebrand, 1980; TDWR, 1983; Tunnell and Judd, 2002).  572 
Although differences in evaporative loss in the basins of the three estuaries 573 
contributed to the markedly different increases in alinity in those systems, other factors also 574 
played a role in producing these variations. For example, as total annual flow relative to the 575 
size of estuary basin decreased progressively from Stokes Inlet to Hamersley Inlet to Culham 576 
Inlet, the amount of reduced salinity water entering the basins via fluvial discharge was 577 
relatively greater in Stokes Inlet than in Hamersley Inlet, which, in turn, was greater than in 578 
Culham Inlet. 579 
 580 
4.2.2. Inverse relationship between oxygen concentrations and salinity 581 
In contrast to the trends exhibited by salinity and dissolved oxygen concentration in 582 
the basins declined least in Stokes Inlet and most in Culham Inlet. This is due largely to the 583 
solubility of oxygen decreasing with increases in the amount of dissolved solids, in this case 584 
NaCl (Weiss, 1970; Sherwood et al., 1991). For example, in a laboratory study undertaken at 585 
25 °C, oxygen concentrations at saturation decreased from ~8 mg L-1 at a salinity of 0, to 586 
~4.5 mg L-1 and only ~2.5 mg L-1 at salinities of 100 and 200, respectively (MacArthu , 587 
1915). Decreases in the solubility of oxygen with increasing salinity thus largely accounts for 588 
mean dissolved oxygen concentrations remaining > ~5mg L-1 in Stokes Inlet at all salinities 589 
(30-64), but declining to ~2.5 mg L-1 at a salinity of 143 in Hamersley Inlet and ~0.7 mg L-1 590 














three years, the marked increases in salinity and declines in oxygen concentration in the basin 592 
of each estuary provided field data that statistically confirmed that these two variables were 593 
strongly and inversely related under natural conditions.  594 
 As in their basins, mean salinities in the main trbutaries of Stokes Inlet (29) and 595 
Culham Inlet (38) were both close to that of full strength seawater in summer 2002 and 596 
subsequently diverged markedly, attaining maxima of 59 and 207, respectively. It is thus 597 
highly relevant that average rainfall between 2002 and 2004 was greater in the catchment of 598 
Stokes Inlet (523 mm) than Culham Inlet (365 mm). This accounts for mean annual 599 
discharges being 3-4 times greater in the tributaries of Stokes Inlet than Culham Inlet (Pen, 600 
1999; Brearley, 2005). As with the basins, dissolved oxygen concentrations declined more 601 
markedly in the main river of Culham Inlet than in that of Stokes Inlet after autumn 2003, due 602 
to salinities rising to a greater extent in the rive  of the former estuary. This accounts for the 603 
strong inverse relationship between oxygen concentration and salinity in the river of Culham 604 
Inlet. 605 
 606 
4.3. Implications 607 
The comparisons of bar breaching and the salinity and oxygen regimes of three 608 
normally-closed estuaries in the same region emphasise that differences in catchment rainfall, 609 
fluvial discharge, size and depth of basin and resilience of the bar among estuaries of this 610 
type can result in marked difference in the frequency and timing of bar breaching. These 611 
differences, in turn, influence the extent to which the waters of these systems become 612 
hypersaline and hypoxic. When the increase in salinity and decline in oxygen are particularly 613 
pronounced, the faunas of these systems become incrasingly stressed and thus lead to 614 
massive mortalities of susceptible species (Hoeksema t al., 2006). The development of these 615 
extreme conditions result in a progressive reduction in the number of species and abundance 616 
of fishes in normally-closed estuaries, as demonstrated by Young and Potter (2002) for the 617 
Wellstead Estuary, which is located to the east of the three estuaries that constituted the basis 618 
for the current study. Likewise, data for the highly modified Lake St Lucia in South Africa 619 














was inversely related to salinity and that the individuals of very few species survived beyond 621 
120 (Copeland, 1967; Whitfield et al., 2006). The very different extents to which salinity 622 
increased and oxygen declined in the Stokes, Hamersley and Culham inlets during a 623 
protracted period of closure is being used to elucidate the ‘tolerance’ of the various species to 624 
extreme changes in the abiotic environment in these estuaries and thus the resilience of fish 625 
communities in normally-closed estuaries in general.  626 
While rainfall in the westward parts of south-western Australia has decreased by 25% 627 
over the last ~100 years (Hughes, 2003; Hope et al., 2015), it did not decline in the 628 
catchments of the Stokes, Hamersley and Culham inlets in the years between 1972 and 2016. 629 
Climate models predict, however, that winter rainfall in these catchments will decline in the 630 
future due to a southwards shift in winter storms (Andrys et al., 2017; Hallett et al., 2017). As 631 
the bar at the mouth of Stokes Inlet is typically breached when winter rainfall is particularly 632 
heavy, such changes would be likely to reduce the frequency with which the mouth of that 633 
estuary becomes open to the ocean. This could lead to increases in salinity and declines in 634 
oxygen concentrations in this estuary during increasingly protracted periods of closure. 635 
Winter declines in rainfall would be less likely, however, to reduce the frequency of 636 
breaching in Hamersley and Culham inlets, since winter rainfall in the catchment of these 637 
systems is lower than that of Stokes Inlet and breaching typically occurs in summer or 638 
autumn following atypically heavy, unseasonal rainfll, often associated with cyclonic 639 
activity. As some climate models predict an increase in summer rainfall and others a 640 
reduction in the region of Hamersley and Culham inlets (Andrys et al., 2017), it is not 641 




Funding was provided by the Fisheries Research and Development Corporation (FRDC 646 
2002/017) on behalf of the Australian Government and by Murdoch University. Gratitude is 647 














willingly provided data and photographs. The reviewers are thanked for their thoughtful and 649 
constructive comments and criticisms, which have led to the production of a better paper. 650 
 651 
References 652 
Able, K.W., Fahay, M.P., 2010. Ecology of Estuarine Fishes: temperate waters of the western 653 
north Atlantic. Johns Hopkins University Press, Baltimore, USA. 654 
Andrys, J., Kala, J., Lyons, T.J., 2017. Regional climate projections of mean and extreme 655 
climate for the southwest of Western Australia (1970–1999 compared to 2030–2059). 656 
Climate Dynamics 48, 1723-1747. 657 
Behrens, D.K., 2012. The Russian River Estuary: Inlet Morphology, Management, and 658 
Estuarine Scalar Field Response. University of Californ a, Davis, California, USA, p. 659 
340. 660 
Behrens, D.K., Bombardelli, F.A., Largier, J.L., Twohy, E., 2013. Episodic closure of the 661 
tidal inlet at the mouth of the Russian River — A small bar-built estuary in California. 662 
Geomorphology 189, 66-80. 663 
Bianchi, T.S., 2006. Biochemistry of Estuaries. Oxford University Press, Cary, North 664 
Carolina, USA. 665 
Black, R.E., Rosher, J.E., 1980. The Peel Inlet and Harvey Estuary system hydrology and 666 
meteorology. Department of Conservation and Environme t, Perth, Western 667 
Australia. 668 
Brearley, A., 2005. Ernest Hodgkin's Swanland, 1st ed. University of Western Australia 669 
Press, Crawley. 670 
Bureau of Meteorology, 2017. Australian Government, Bureau of Meteorology. 671 
Chuwen, B.M., 2009. Characteristics of the ichthyofaunas of offshore waters in different 672 
types of estuary in Western Australia, including the biology of Black Bream 673 
Acanthopagrus butcheri. Murdoch University, Perth, Australia, p. 213. 674 
Chuwen, B.M., Hoeksema, S.D., Potter, I.C., 2009. The divergent environmental 675 
characteristics of permanently-open, seasonally-open and normally-closed estuaries of 676 
south-western Australia. Estuarine, Coastal and Shelf cience 85, 12-21. 677 
Clarke, K.R., Tweedley, J.R., Valesini, F.J., 2014. Simple shade plots aid better long-term 678 
choices of data pre-treatment in multivariate assemblage studies. Journal of the 679 
Marine Biological Association of the United Kingdom 94, 1-16. 680 
Cooper, J.A.G., 2001. Geomorphological variability among microtidal estuaries from the 681 
wave-dominated South African coast. Geomorphology 40, 99-122. 682 
Copeland, B.J., 1967. Environmental characteristics of hypersaline lagoons. Contributions in 683 














Creighton, C., Boon, P.I., Brookes, J.D., Sheaves, M., 2015. Repairing Australia's estuaries 685 
for improved fisheries production – what benefits, at what cost? Marine and 686 
Freshwater Research 66, 493-507. 687 
Davies, J.L., 1964. A morphogenic approach to world shorelines. Zeitschrift füer 688 
Geomorphologie 8, 27-42. 689 
Day, J.H., 1980. What is an estuary? South African Journal of Science 76, 198. 690 
Day, J.H., 1981. The nature, origin and classification of estuaries, in: Day, J.H. (Ed.), 691 
Estuarine Ecology: with Particular Reference to Southern Africa. A.A. Balkema, Cape 692 
Town, pp. 1-6. 693 
Department of Water Western Australia Water Information Reporting, 2017. 694 
Dittmann, S., Baring, R., Baggalley, S., Cantin, A., Earl, J., Gannon, R., Keuning, J., Mayo, 695 
A., Navong, N., Nelson, M., Noble, W., Ramsdale, T., 2015. Drought and flood 696 
effects on macrobenthic communities in the estuary of Australia's largest river system. 697 
Estuarine, Coastal and Shelf Science 165, 36-51. 698 
Elwany, M.H.S., Flick, R.E., Aijaz, S., 1998. Opening and closure of a marginal Southern 699 
California lagoon inlet. Estuaries 21, 246-254. 700 
Hallett, C.S., Valesini, F., Elliott, M., 2016. A review of Australian approaches for 701 
monitoring, assessing and reporting estuarine conditi : III. Evaluation against 702 
international best practice and recommendations for the future. Environmental 703 
Science & Policy 66, 282-291. 704 
Hallett, C.S., Hobday, A.J., Tweedley, J.R., Thompson, P.A., McMahon, K., Valesini, F.J., 705 
2017. Observed and predicted impacts of climate change on the estuaries of south-706 
western Australia, a Mediterranean climate region. Regional Environmental Change. 707 
Hildebrand, H., 1980. The Laguna Madre de Tamaulipas: its hydrography and shrimp fishery. 708 
Unpublished manuscript, submitted to National Marine Fisheries Service, on file at 709 
Texas A&M University-Corpus Christi, Center for Coast l Studies Library. Corpus 710 
Christi, Texas, USA, p. 42. 711 
Hodgkin, E.P., Clark, R., 1989a. Broke Inlet and other estuaries of the Shire of Manjimup. 712 
Estuaries and coastal lagoons of south western Australia. Environmental Protection 713 
Authority, Perth. 714 
Hodgkin, E.P., Clark, R., 1989b. Stokes Inlet and other estuaries of the Shire of Esperance. 715 
Estuaries and Coastal Lagoons of South Western Australia. Environmental Protection 716 
Authority, Perth, Western Australia. 717 
Hodgkin, E.P., Clark, R., 1990. Estuaries of the Shire of Ravensthorpe and the Fitzgerald 718 
River National Park. Estuaries and Coastal Lagoons f South Western Australia. 719 
Environmental Protection Authority, Perth, Western Australia. 720 
Hodgkin, E.P., 1997. Culham Inlet: The history and management of a coastal salt lake in 721 















Hodgkin, E.P., Hesp, P., 1998. Estuaries to salt lakes: Holocene transformation of the 724 
estuarine ecosystems of south-western Australia. Marine nd Freshwater Research 49, 725 
183-201. 726 
Hoeksema, S.D., Chuwen, B.M., Potter, I.C., 2006. Massive mortalities of black bream, 727 
Acanthopagrus butcheri (Sparidae) in two normally-closed estuaries, following 728 
extreme increases in salinity. Journal of the Marine Biological Association of the 729 
United Kingdom 86, 893-897. 730 
Hope, P., Abbs, D., Bhend, J., Chiew, F., Church, J., Ekström, M., Kirono, D., Lenton, A., 731 
Lucas, C., McInnes, K., Moise, A., Monselesan, D., Mpelasoka, F., Timbal, B., 732 
Webb, L., Whetton, P., 2015. Southern and South-Western Flatlands Cluster Report: 733 
Climate Change in Australia Projections for Australia's NRM Regions, in: Ekström, 734 
M., Whetton, P., Gerbing, C., Grose, M., Webb, L., Risbey, J. (Eds.). CSIRO, 735 
Australia, p. 58. 736 
Hughes, L., 2003. Climate change and Australia: trends, projections and impacts. Austral 737 
Ecology 28, 423–443. 738 
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J., 739 
Bradbury, R.H., Cooke, R., Jon, E., Estes, J.A., Hughes, T.P., Kidwell, S., Lange, 740 
C.B., Lenihan, H.S., Pandolfi, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J., 741 
Warner, R.R., 2001. Historical overfishing and the recent collapse of coastal 742 
ecosystems. Science 293, 629-638. 743 
Kennish, M.J., 2002. Environmental threats and enviro mental future of estuaries. 744 
Environmental Conservation 29, 78-107. 745 
Lellis-Dibble, K.A., McGlynn, K.E., Bigford, T.E., 2008. Estuarine fish and shellfish species 746 
in U.S. commercial and recreational fisheries: economic value as an incentive to 747 
protect and restore estuarine habitat. U.S. Department of Commerce, NOAA 748 
Technical Memo. NMFSF/SPO-90, p. 94. 749 
Lewis, E.L., Perkin, R.G., 1981. The practical salinity scale 1978: conversion of existing 750 
data. Deep Sea Research Part A. Oceanographic Research Papers 28, 307-328. 751 
MacArthur, C.G., 1915. Solubility of oxygen in salt solutions and the hydrates of these salts. 752 
The Journal of Physical Chemistry 20, 495-502. 753 
McLusky, D.S., Elliott, M., 2004. The Estuarine Ecosystem: Ecology, Threats and 754 
Management, 3rd ed. Oxford University Press, Oxford. 755 
McSweeney, S.L., Kennedy, D.M., Rutherfurd, I.D., 2016. When is artificially opening 756 
intermittently closed estuaries (ICE) most effective?, Proceedings of the 8th 757 
Australian Stream Management Conferenc Queensland, Blue Mountains, New South 758 
Wales, pp. 1-8. 759 
McSweeney, S.L., Kennedy, D.M., Rutherfurd, I.D., Stout, J.C., 2017. Intermittently 760 
Closed/Open Lakes and Lagoons: Their global distribution and boundary conditions. 761 
Geomorphology 292, 142-152. 762 















Potter, I.C., Beckley, L.E., Whitfield, A.K., Lenanton, R.C., 1990. Comparisions between the 765 
roles played by estuaries in the life cycles of fishe  in temperate Western Australia 766 
and Southern Africa. Environmental Biology of Fishe 28, 143-178. 767 
Potter, I.C., Chuwen, B.M., Hoeksema, S.D., Elliott, M., 2010. The concept of an estuary: a 768 
definition that incorporates systems which can become closed to the ocean and 769 
hypersaline. Estuarine, Coastal and Shelf Science 87, 497-500. 770 
Potter, I.C., Warwick, R.M., Hall, N.G., Tweedley, J.R., 2015. The physico-chemical 771 
characteristics, biota and fisheries of estuaries, n: Craig, J. (Ed.), Freshwater 772 
Fisheries Ecology. Wiley-Blackwell, pp. 48-79. 773 
Ranasinghe, R., Pattiaratchi, C., 1999. The seasonal closure of tidal inlets: Wilson Inlet - a 774 
case study. Coastal Engineering 37, 37-56. 775 
Rich, A., Keller, E.A., 2013. A hydrologic and geomrphic model of estuary breaching and 776 
closure. Geomorphology 191, 64-74. 777 
Schelske, C.L., Odum, E.P., 1961. Mechanisms maintain g high productivity in Georgia 778 
estuaries. Proceedings of the Gulf and Caribbean Fisheries Institute 14, 75-80. 779 
Sheaves, M., Baker, R., Nagelkerken, I., Connolly, R.M., 2014. True value of estuarine and 780 
coastal nurseries for fish: incorporating complexity and dynamics. Estuaries and 781 
Coasts, 1-14. 782 
Sherwood, J.E., Stagnitti, F., Kokkinn, M.J., Williams, W.D., 1991. Dissolved oxygen 783 
concentrations in hypersaline waters. Limnology andOceanography 36, 235-250. 784 
Slinger, J.H., 2016. Hydro-morphological modelling of small, wave-dominated estuaries. 785 
Estuarine, Coastal and Shelf Science. 786 
TDWR, 1983. Laguna Madre Estuary: a study of the influe ce of freshwater inflows. Texas 787 
Department of Water Resources Report LP-182, Austin, Texas,, p. 270. 788 
Tunnell, J.W., Judd, F.W., 2002. The Laguna Madre of Texas and Tamaulipas. Texas A&M 789 
University Press, Texas, USA. 790 
Tweedley, J., Warwick, R., Potter, I., 2016. The Contrasting Ecology of Temperate 791 
Macrotidal and Microtidal Estuaries, Oceanography and Marine Biology An Annual 792 
Review V54. CRC Press, pp. 73-172. 793 
Tweedley, J.R., Warwick, R.M., Valesini, F.J., Plate l, M.E., Potter, I.C., 2012. The use of 794 
benthic macroinvertebrates to establish a benchmark for evaluating the environmental 795 
quality of microtidal, temperate southern hemisphere stuaries. Marine Pollution 796 
Bulletin 64, 1210-1221. 797 
Tweedley, J.R., Warwick, R.M., Hallett, C.S., Potter, I.C., 2017. Fish-based indicators of 798 
estuarine condition that do not require reference data. Estuarine, Coastal and Shelf 799 
Science 191, 209-220. 800 
van Niekerk, L., Adams, J., Lamberth, S.J., Taljaard, S., 2017. Determination of Ecological 801 
Water Requirements for Surface water (River, Estuaries and Wetlands) and 802 














Sout Estuaries Ecological Water Requirement. Departmen  of Water and Sanitation, 804 
South Africa, p. 175. 805 
Weiss, R.F., 1970. The solubility of nitrogen, oxygen and argon in water and seawater. Deep 806 
Sea Research and Oceanographic Abstracts 17, 721-735. 807 
Whitfield, A., Taylor, R., Fox, C., Cyrus, D., 2006. Fishes and salinities in the St Lucia 808 
estuarine system — a review. Reviews in Fish Biology and Fisheries 16, 1-20. 809 
Whitfield, A.K., Bate, G.C., 2007. A review of information on temporarily open/closed 810 
estuaries in the warm and cool temperate biogeographic regions of South Africa, with 811 
particular emphasis on the influence of river flow n these systems, Pretoria, p. 214. 812 
Whittaker, R.H., Likens, G.E., 1975. The biosphere and man, in: Lieth, H., Whittaker, G.E. 813 
(Eds.), Primary Production of the Biosphere. Springer-Verlag, New York, pp. 305-814 
328. 815 
Wooldridge, T.H., Adams, J.B., Fernandes, M., 2016. Biotic responses to extreme 816 
hypersalinity in an arid zone estuary, South Africa. South African Journal of Botany 817 
107, 160-169. 818 
Young, G.C., Potter, I.C., 2002. Influence of exceptionally high salinities, marked variations 819 
in freshwater discharge and opening of estuary mouth n the characteristics of the 820 

















Fig. 1. Maps showing a) location of permanently-open, season lly-open, 
intermittently-open and normally-closed estuaries in the south-western Australian 
drainage division (grey shading), with the location f that drainage division in 
Australia shown in inset. Permanently-closed refers to ystems that no longer open to 
the sea. b) Areas of cleared (light grey) and uncleared native vegetation (dark grey) in 
the catchments of Stokes, Hamersley and Culham inlets and morphology of the basin 
and rivers of c) Stokes, d) Hamersley and e) Culham inlets, including location of 
upstream pools in the latter two estuaries.  
 
Fig. 2. Photographs of Culham Inlet showing a) estuary full of water in 2013 and bar 
intact, b) bar breached with large outflow of water in 2017, c) estuary basin virtually 
dry in 2004 and d) salt precipitation on dry estuary bed. Photographs of Hamersley 
Inlet showing discontinuity between e) waters of estuary basin and mouth of river and 
f) waters in upstream pools in the river. Photograph 2d taken by Paul Cory. 
 
Fig. 3. Annual rainfall in catchments of a) Stokes, c) Hamersley and d) Culham inlets 
between 1972 and 2016 and b) annual discharge in the Young River of Stokes Inlet in 
the 38 of those years for which there were reliable data. Years in which the bar at the 
mouth of an estuary was breached are shown in white and the year (2000 in Stokes 
Inlet) in which the mouth continued to remain open after the previous year is shown 
as stripes. *, annual discharge not available. Relationship between annual rainfall and 
year in Culham Inlet, which was significant, is shown as dashed line (for details see 
results).  
 
Fig. 4. a) Mean monthly rainfall ±1 SE at a station in each of the catchments of 
Stokes, Hamersley and Culham inlets between 1972 and 2016. b) Shade plot showing 
monthly rainfall in the same catchments in each year between 1972 and 2016. 
Rectangular boxes denote years of bar breaching; X, month of natural bar breaching; 















Fig. 5. Mean seasonal salinities (Sal), dissolved oxygen co centrations (DO) and 
water temperatures in nearshore, shallow (S) and offshore, deeper (B) waters of basin 
and estuarine reaches of the Young River of Stokes Inl t between summer 2002 and 
spring 2004. In this Fig. and Figs 6-8, SE are presented for a mean, when based on 
three or more values, and as either + or - 1SE when SEs for two means overlap. 
 
Fig. 6. Mean seasonal salinities (Sal), dissolved oxygen co centrations (DO) and 
water temperatures in nearshore, shallow waters of the basin of Hamersley Inlet 
between summer 2002 and spring 2004 and in the estuarine reaches of the Hamersley 
River and upstream pool in those seasons when those regions could be sampled. In 
each season, the means for each variable at the surface and bottom of the water 
column at each offshore site and corresponding nearshore site were essentially the 
same.  
 
Fig. 7. Mean seasonal salinities (Sal), dissolved oxygen co centrations (DO) and 
water temperatures in nearshore, shallow (S) waters of the basin, estuarine reaches of 
the Phillips River, entrance channel and upstream pool of Culham Inlet and of 
offshore, deeper (B) waters of the Phillips River and entrance channel between 
summer 2002 and spring 2004. 
 
Fig. 8. Comparisons of mean seasonal salinities (Sal) and dissolved oxygen 
concentrations (DO) in the basins of Stokes, Hamersley and Culham inlets and in the 
estuarine reaches of the main river of Stokes and Culham inlets between summer 















Table. 1. Characteristics of the Stokes, Hamersley and Culham inlets and their catchments. 
 
   Stokes Inlet Hamersley Inlet Culham Inlet 
Basin area (km2)a 14   2   11  
Max. depth of basin (m)a 4.0 1.3 1.0  
Height of bar (m)a 1.5-2 2 3-5  
Catchment area (km2)b 5,300 1,268 3,780  
Mean annual rainfall (mm)c 550  438  445  
Median annual rainfall (mm)c 540  475  452  
Clearing (%)b 68 37 50  
Discharge (GL)d 11.88   1.16   3.40  
Discharge/basin area 849   580   309  
 
a = Hodgkin and Clark (1989a, 1990); b = West Australian Department of Environment and 
Conservation (unpub. data); c = Bureau of Meteorology (2017); d = Pen (1999), Brearley (2005).  















































































































1. Bars of 3 estuaries breach after exceptional winter or cyclonic summer rainfall 
2. Breaching frequency differed among estuaries but all remained closed in 2002-
2004 
3. During closure of these estuaries for >3 years, salinities rose to 64, 143 and 293 
4. Oxygen concentrations declined markedly and inversely to salinity (r = 0.7 to 0.8) 
5. Bar state, catchment features and discharge influence estuarine characteristics 
 
